Abstract. Previous studies have demonstratedf that heat stress can induce injury of the central nervous system and lead to neuronal cell apoptosis. However, the molecular mechanisms underlying these cellular changes remain unclear. In the present study, flow cytometry was used to investigate heat-stress-induced apoptosis, and caspase-3 activation was also assessed in neurons. The role of reactive oxygen species (ROS) accumulation in the heat-stress-induced apoptosis of neurons was demonstrated using the antioxidant drug manganese (III) tetrakis (4-benzoic acid)porphyrin. The present study presents evidence that heat stress induces mitogen-activated protein kinase (MAPK) activation in rat malignant glioma F98 cells. Following the inhibition of different MAPKs with a range of specific inhibitors, SB203580 (an inhibitor of p38 MAPK), but not PD98059 (an inhibitor of extracellular signal-regulated kinases) or SP600125 (an inhibitor of c-Jun N-terminal kinases), diminished the production of ROS and apoptosis, and prevented activation of the p38-downstream kinase MAPK-activated protein kinase 2 (MK2) in neurons. Inhibiting MK2 with dominant negative adenoviral constructs or a specific inhibitor significantly decreased normal and heat-stress-induced ROS accumulation and cell apoptosis, whereas inhibition of another kinase downstream of p38 MAPK, MAPK-activated protein kinase 5, by transfection with another adenoviral construct did not exert the same effects. Taken together, these findings indicate that heat stress stimulation induces p38-MK2 pathway activation, which exerts a pro-apoptotic effect by regulating ROS accumulation in neurons.
Introduction
Acute heat stroke causes thermal injury of cells and changes to the circulatory system, which can in turn trigger extensive tissue injury to the blood coagulation system, the liver, heart and kidneys, and, most importantly, to the central nervous system (CNS) (1) . According to the report of a cohort study covering 16 emergency departments, only 57% patients survived following heat stroke during the August 2003 heat wave in Paris (2); even following discharge from the hospital, survivors continued to suffer neurological damage during the 1995 heat wave in Chicago (3) . The mortality rate may increase as a result of global warming and the expected universal increase in the intensity and frequency of heat waves (4, 5) .
Combining prior studies, a previous review reported that high temperatures can cause certain CNS malformations, and that heat induces programmed cell death, which causes teratogenic damage to the developing brain (6) . However, the mediation between metabolic changes and cell apoptosis remains poorly characterized.
Mitogen-activated protein kinase (MAPK) signaling pathways are involved in heat-stress-induced organ injury and human umbilical vein endothelial cell (HUVEC) apoptosis (7, 8 6 and LEI SU responding to stressors, such as oxidative stress, also induces neuronal apoptosis through the mitochondria-dependent pathway (9) . The representative mammalian MAPK pathways, which include p38 MAPK, c-Jun N-terminal kinase (JNK), and extracellular signal-regulated kinase 1/2 (ERK1/2), are concatenated via three consecutive phosphorylation events, which are mediated by a MAPK, a MAPK kinase, and a MAPK kinase kinase (10) (11) (12) . Substrates with distinct functions are phosphorylated by MAPKs, including other protein kinases that are recognized as MAPK-activated protein kinases (MAPKAPKs; also known as MKs) (13) . MK5 and MK2 exhibit considerable structural, functional and evolutional similarities, and are substrates for p38 (14, 15) . The function of the p38 stress-activated protein kinase/MK2 axis in apoptosis and inflammation has been recorded in detail (16) , but whether MK2 and MK5 participate in heat-stress-induced neuron cell apoptosis remains unclear.
Reactive oxygen species (ROS) are involved in cell apoptosis in response to thermal injury (17) . The overproduction of ROS may cause necrosis or apoptosis in various pathological conditions, including ischemia (18) . To assess the roles of MK5 and MK2 in cell apoptosis mediated by heat-stress-induced ROS accumulation, the present study utilized the application of adenoviral dominant-negative and -positive constructs of MK2 and MK5 into F98 cells. Dominant-negative MK2 [Ad-MK2(A)], or a specific inhibitor of MK2, impeded heat stress-induced ROS production and cell apoptosis, while Ad-MK5(A) did not. These findings indicate that p38 MAPK-MK2 plays a part in suppressing apoptosis following heat stress. Hence, p38 MAPK-MK2 signaling could be a treatment target for use in improving the outcomes of heatstroke patients.
Materials and methods
Cell culture and treatments. Rat malignant glioma F98 cells were procured from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). F98 cells were incubated in Dulbecco's modified Eagle's medium containing 100 U/ml of penicillin, 100 µg/ml of streptomycin (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 10% (v/v) fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.). The temperature was controlled at 37˚C and the atmosphere was humidified, comprising 95% air and 5% CO 2 . Culture dishes were incubated in a circulating water bath for 60 min at 43±0.5˚C for heat stress, or at 37±0.5˚C for control. Cells were further cultured at 37˚C for the designated time following the replacement of culture media with fresh media.
Infection with adenoviral constructs. Generation of recombinant adenoviral constructs was performed as previously described (19, 20) . Briefly, the present study used Ad-MKK6(E), Ad-MK2(E), Ad-MK5(E), the constitutively active forms of MKK6, MK2 and MK5 encoded by recombinant adenovirus. The present study also used Ad-MKK6(A), Ad-MK2(A) and Ad-MK5(A), the constitutively negative forms of MKK6, MK2 and MK5. These adenoviruses were constructed by Vigene Biosciences (Jinan, China). F98 cells were seeded in 35-mm Petri dishes (1x10 5 /dish), 72 h prior to infection [10 3 inclusion-forming units (IFU)/cell], and were exposed to heat stress after a 24-h incubation period.
Flow cytometric analysis of cell apoptosis using Annexin Vfluorescein isothiocyanate (FITC)/PI staining. The proportions of apoptotic cells in each group were analyzed by flow cytometry using an Annexin V-FITC apoptosis kit (Shanghai Lianke Biology Co., Ltd., Shanghai, China), according to the manufacturer's protocol. Approximately 1x10 6 cells were collected, and were washed with ice-cold PBS prior to resuspension in binding buffer containing 5 µl FITC-Annexin V and 10 µl propidium iodide. All samples were analyzed using a flow cytometer (FACSCanto™ II; BD Biosciences, San Jose, CA, USA) and analyzed using FlowJo software version 9.0 (Tree Star, Inc., Ashland, OR, USA).
Assay for caspase-3 activity. Caspase-3 activity was determined using a caspase-3 activity assay kit, according to the manufacturer's protocol (Biovision, Inc., Milpitas, CA, USA). Briefly, the cells were lysed in caspase-3 sample lysis buffer (Biovision, Inc.). The homogenates were then centrifuged at 10,000 x g at 4˚C for 10 min and the supernatant was collected for protein estimation using bicinchoninic acid for the caspase-3 assay. The cell lysates were then exposed to the DEVD substrate conjugate provided in the kit for 1 h at 37˚C. The sample was measured using an automatic microplate reader (SpectraMax M5; Molecular Devices, LLC, Sunnyvale, CA, USA) at an excitation of 400 nm and emission of 505 nm.
Measurements of ROS. ROS levels were assessed using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA; Molecular Probes; Thermo Fisher Scientific, Inc.), which is converted to highly fluorescent 2' ,7'-dichlorofluorescein (DCF) in the presence of ROS. F98 cells (3x10 5 ) were incubated at 43˚C for 1 h before incubation at 37˚C for 0, 3, 6 or 12 h; cells were then incubated with 5 mM DCF-DA at 37˚C for 30 min in darkness. H 2 O 2 was used as a positive control; H 2 O 2 (200 µM) was added to F98 cells and incubated at 37˚C for 1 h. In addition, cells were pretreated with or without MnTBAP for 1 h at 37˚C and were then incubated at 43˚C (HS) or 37˚C (control) for 60 min. Analysis of the fluorescence intensity of DCF was subsequently performed using a flow cytometer, and images were obtained via laser scanning confocal microscopy (OLS4100; magnification, x40; Olympus Corporation, Tokyo, Japan) at an excitation of 488 nm and emission of 530 nm.
Western blot analysis. F98 cells (~1x10 6 ) were maintained at 37˚C (control) or 43˚C (HS) for 60 min and further incubated for 0, 3, 6 or 12 h at 37˚C. Cells were pretreated with CMPD-1 (10 µM; cat. no. 263847-55-8; Tocris Bioscience, Bristol, UK), MnTBAP (10 µM; cat. no. ab141496; Abcam, Cambridge, MA, USA), SP600125 (10 µM; cat. no. ab120065; Abcam), SB203580 (5 µM; cat. no. ab120162; Abcam), PD98059 (10 µM; cat. no. ab120234; Abcam), SB202474 (10 µM; cat. no. IMA1013; Jingke Science and Technology Co., Ltd., Shanghai, China), the specific inhibitors of MK2, ROS, JNK, p38, ERK and the negative control, respectively, at 37˚C for 30 min. Cells were then exposed to heat stress or control heat treatment, followed by recovery at 37˚C for 12 h. Control cells were treated with PBS instead of LPS and were constantly incubated at 37˚C. Cells were homogenized in radioimmunoprecipitation assay lysis buffer with phenylmethylsulfonyl fluoride (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Following centrifugation at 14,000 x g at 4˚C for 10 min, the supernatants were used for western blot analysis. Protein concentration was determined using a Bicinchoninic Acid Protein Assay kit (Thermo Fisher Scientific, Inc.). Proteins (20 µg/well) were separated by SDS-PAGE using 10% SDS polyacrylamide gels and transferred onto polyvinylidene difluoride membranes. Membranes were blocked with blocking solution (5% skimmed milk diluted with PBS) at room temperature for 2 h, followed by incubation with primary antibodies. The following rabbit primary antibodies were used at a 1:2,000 dilution: GAPDH Statistical analysis. SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) was used to analyze all data for statistical significance. Data are expressed as the mean ± standard error from no less than three independent duplicate experiments. One-way analysis of variance was performed followed by Fisher's least significant difference post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Heat stress increases cell apoptosis in F98 cells. To assess whether heat stress could induce F98 cells to apoptose in a heat-stress cell model, the proportion of apoptotic cells were quantitatively evaluated using flow cytometry. After F98 cells were subjected to heat stress at 43˚C for 60 min, the quantity of early apoptotic cells increased markedly over time, with early apoptosis induced in 28.97±1.855 of cells by 12 h, which was significantly higher compared with that in the control treatment group 4.178±0.5901 (P<0.05; Fig. 1A ). Caspase-3 activity was observed using the fluorogenic substrate Ac-DEVD-AMC at 0, 3, 6 and 12 h following 60 min of 43˚C heat stress (Fig. 1B) . The activity of caspase-3 mirrored the occurrence of cell apoptosis.
Heat stress increases ROS generation in F98 cells.
On the basis of evidence that ROS generation plays a crucial part in the heat-stress response, whether accumulation of ROS in F98 cells could be influenced by heat stress was investigated. (Fig. 2) .
Function of ROS in heat-stress-treated F98 cells.
The role of ROS overproduction in heat-stress-induced apoptosis was investigated using the antioxidant MnTBAP to pretreat cells.
As the cell-permeable ROS scavenger MnTBAP depleted ROS, the proportion of F98 cells heat stress-induced early apoptosis was significantly reduced compared with heat-stressed cells not treated with MnTBAP (P<0.05; Fig. 3 ). These data indicate that the apoptosis of neurons induced by heat stress is mediated by ROS release.
Heat stress induces MAPK activation in neurons.
Activation of MAPK is implicated in enhanced cellular sensitivity to oxidative-stress-induced neuronal apoptosis (9) . Therefore, the time course of MAPK phosphorylation in F98 cells stimulated by heat stress was investigated. The phosphorylation of p38 MAPK was rapid, peaking at 3 h and sustaining to 12 h. Phosphorylation of JNK sustained to 3 h and declined following shock recovery. In contrast to p38 and JNK, ERK activation increased more gradually and peaked (Fig. 4) . Figure 2 . The influence of heat stress on ROS production in F98 cells. Cells underwent treatment for 60 min in a water bath at 43˚C (heat stress) or 37˚C (control), and then incubated at 37˚C for the 0-12 h (R0 to R12, respectively). Assays of ROS quantity were performed using 2',7'-dichlorodihydrofluorescein diacetate staining; images were obtained via laser scanning confocal microscopy, and analysis of the fluorescence intensity of ROS probes was performed using flow cytometry. * P<0.05 vs. control group. ROS, reactive oxygen species; DCF, 2',7'-dichlorofluorescein. . Mitogen-activated protein kinase activation by heat stress in neurons. F98 cells were submitted to heat stress treatment at 43˚C for 60 min or control treatment (37˚C). Culture medium was then replaced and the cells were incubated at 37˚C for 0, 3, 6, 12 h (R0 to R12, respectively). Antibodies for the indicated proteins were used assess the specific protein levels in the lysates. Co, control; p-, phosphorylated; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.
p38 activation is involved in heat-stress-induced apoptosis.
To examine the function of MAPK activation in heat-stress-induced apoptosis, F98 cells underwent heat stress with or without MAPK inhibitors. As shown in Fig. 5 , incubation with SB203580 (a p38-specific inhibitor) alone substantially decreased ROS production and the number of cells in early apoptosis. Incubation with PD98059 (an ERK-specific inhibitor) and SP600125 (a JNK-specific inhibitor) exerted no effect on ROS production or cell apoptosis compared with the heat-shock group that did not receive additional treatment.
SB203580 inhibits heat stress-induced MK2 and MK5
activation. To investigate whether MAPKs have an effect on downstream MK2 and MK5 in heat-stressed F98 cells, MAPK inhibitors were used pretreat cells, with SB202474 used as a control. SB203580 (the specific inhibitor of p38) suppressed the heat-stress-induced activation of MK5 and MK2, whereas PD98059 (the inhibitor of ERK) and SP600125 (the inhibitor of JNK) exerted no such effect (Fig. 6) . These results indicate that MK2 and MK5 activation occurs downstream of p38 activation.
Activation of MK2 induces neuronal ROS productionmediated apoptosis. To investigate whether MK2 and MK5
have an effect on p38 MAPK-mediated ROS production and cell apoptosis, F98 cells were transfected with an adenoviral dominant-active form of p38 or a dominant-negative MK2 and MK5. ROS production and cell apoptosis were induced by transfection with Ad-MKK6b(E), the dominant active Figure 6 . Inhibition of p38 weakens heat stress-induced phosphorylation of MK5 and MK2. F98 cells underwent pretreatment with or without the indicated inhibitors for 30 min prior to exposure to heat stress or control heat treatment. After the cells received further incubation for 12 h at 37˚C, antibodies specific for p-MK2, p-MK5, MK2, MK5 were used to assess the protein levels in the cell lysates. HS, heat stress; p-, phosphorylated; t-, total; MK, mitogen-activated protein kinase-activated protein kinase; SB203580, p38 inhibitor; PD98059, ERK inhibitor; SP600125, JNK inhibitor. Figure 5 . The role of mitogen-activated protein kinases in heat-stress-triggered apoptosis in neurons. F98 cells were pretreated with or without the indicated inhibitors prior exposure to heat stress or control heat treatment, and cells were further incubated for 12 h at 37˚C. H 2 O 2 was used as a positive control for ROS. (A and B) ROS quantity was assessed by 2',7'-dichlorodihydrofluorescein diacetate staining; (A) images were obtained via laser scanning confocal microscopy and (B) analysis of the fluorescence intensity of ROS probes was performed using flow cytometry. (C) Analysis of apoptosis was performed through flow cytometry using Annexin V-fluorescein isothiocyanate/propidium iodide staining. # P<0.05 vs. HS group, * P<0.05 vs. control group. ROS, reactive oxygen species; HS, heat stress; SB203580, p38 inhibitor; SP600125, JNK inhibitor; PD98059, ERK inhibitor; DCF, 2',7'-dichlorofluorescein. kinase MKK6b (upstream of p38), whose effect was strikingly weakened upon co-transfection with Ad-MK2(A), an adenoviral construct of the dominant negative MK2; however, co-transfection with dominant-negative MK5 [Ad-MK5(A)] to inhibit MK5 did not elicit a similar response (Fig. 7) .
Inhibition of MK2 activation alleviates heat-stress-induced
ROS production and glial cell apoptosis. Whether heat stress-induced ROS production and apoptosis could be suppressed by inhibition of MK2 or MK5 was assessed. As shown in Fig. 8A and B, the results revealed that incubation with CMPD-1 (a specific inhibitor of MK2) or transfection with Ad-MK2(A) inhibited heat stress-induced ROS accumulation, whereas transfection with Ad-MK5(A) exerted no such inhibitory function. H 2 O 2 was used as a positive control. The effect of MK2 inhibition on cell apoptosis was further investigated. The results revealed that transfection with Ad-MK2(A) or incubation with CMPD-1 decreased heat-stress-induced cell apoptosis, while transfection with Ad-MK5(A) did not (Fig. 8C ).
Discussion
The number of studies investigating the influence of heat stress continues to rise owing to fluctuations in temperature being among the most common stressors in biological systems (5, 21) . In a previous study, following the selective heating of hemispheres of the canine brain above 42-43˚C for 30 min, several histopathological changes, including focal hemorrhages, spotty infarction and edema, were observed (22) . Subsequent to heating at 43˚C for 50 min, impairments of myelin tracts in the white matter and neurons in the gray matter of the brains were immediately observed (22) . A cerebral lesion composed of a central coagulation of necrosis encircled by a hypervascular section with clear contours was observed by Sneed et al (19) in 1986, when the canine brain was subjected to a 30-min single heat treatment at 43-44˚C (19) . Heat stress may be the cause of a reduction in the cellular processes initiated by various regional neurons in the CNS, and apoptosis may be integrally involved in the CNS injury of heat-involved diseases ascribed to heat stress (6) .
The present study used the rat glioma F98 cell line to study the mechanism of CNS injury caused by heat stress. The results indicated that apoptosis was induced by heat stress in F98 cell lines. The expression of MAPKs in heat stressed F98 cells was assessed, and it was found that high-intensity heat stress triggered MAPK activation. p38 activation was implicated in heat stress-induced ROS accumulation-mediated apoptosis, but neither JNK nor ERK had any effect on this, which could implicate ROS associated with intense heat stress. Our and previous reports have associated oxidative stress with heat stress and suggested synergistic augmentation of cell death and increased ROS generation in heat-exposed cells (17, (23) (24) (25) . The present study indicated that mediation of oxidative stress is mainly achieved by intense heat stress, inducing an increase in ROS production. Using the cell-permeable ROS scavenger MnTBAP, it was further found that heat stress generates ROS. Taken together, the results suggest that the proportion of F98 cells exposed to heat stress in early apoptosis is increased by ROS accumulation, whereas p38, a product of acute heat stress, may function as an upstream signal that stimulates this accumulation.
Inhibition of different MAPKs with specific inhibitors indicated that the p38 inhibitor (SB203580), but not the JNK inhibitor (SP600125) or ERK inhibitor (PD98059) could suppress activation of the p38 downstream kinases MK2 and MK5 in neurons. Inhibiting MK2 by transfection with Ad-MK2(A) or incubation with its specific inhibitor markedly decreased normal and heat stress-induced ROS accumulation and cell apoptosis, whereas inhibition of another downstream p38 MAPK kinase, MK5, by transfection with Ad-MK5(A), did not exert the same effects.
The p38 MAPK-MK2 family has been demonstrated to modulate apoptosis in response to various stimuli (26, 27) , including in neurons (16) . A previous study reported that the apoptosis induced by doxorubicin in human hepatoma cells, alongside the cleavage of caspase-3 and poly(ADP-ribose) polymerase, can be diminished by the constant overexpression of MK5, which is also referred to as p38-regulated/activated protein kinase or PRAK (28) . In the present study, MK5 was recognized as a downstream target of p38 MAPK in heat-stressed F98 cells, but exerted no effect on cell apoptosis. On the basis of these results, it was concluded that heat stress stimulation induced p38-MK2 pathways activation, which served a pro-apoptotic role by regulating ROS accumulation in glial cells.
To conclude, the data obtained in the present study revealed that heat stress rapidly leads to apoptosis of F98 cells. Early apoptosis induced by intense heat stress is associated with p38MAPK-MK2 signaling, which is in turn mediated by ROS generation. The present study provides novel strategies for treatment of heat-associated CNS injury in which glial cell apoptosis occurs. 
